Introduction
Radiation therapy is a pillar of modern cancer treatment, with approximately 50% of all cancer patients indicated for at least one course of radiation therapy as part of their treatment. 1, 2 The fundamental goal of radiation therapy is to deliver a prescribed radiation dose to the tumour whilst simultaneously minimising the dose to surrounding healthy tissues. For external beam radiation therapy techniques, the most obvious and effective means of achieving this is to utilise multiple beam angles intersecting at the tumour, which requires relative rotation between the beam and the patient. In modern radiation therapy, this is typically achieved by rotating a complex and heavy beam forming apparatus around a patient positioned at the rotation centre. However, much simpler gantry engineering designs would be possible with the alternative approach of slowly rotating the patient within a fixed beam line. Simplified gantry design would be of particular benefit for emerging treatments such as proton therapy, heavy ion therapy, MRI-Linac therapy and medical applications of synchrotron radiation, 3 where rotating gantries are either far more complex than their conventional counterparts or (in the case of synchrotron radiation) completely impractical ( Fig. 1) . Fixed beam line systems could also enable the construction of conventional X-ray systems 4 at much lower cost to help address the growing shortfall of treatment units in low-and middle-income countries, which is estimated to reach 22,000 by the year 2035. 5 As well as this, for some patients upright treatments can be beneficial in terms of both dosimetry and tolerance. 6 However, there are also challenges with patient rotation, most notably (i) rotation-induced anatomic deformation and (ii) patient tolerance to rotation -the focus of this work. Assumed lack of patient tolerance has been a recurring theme in our discussions with radiation therapy stake holders (oncologists, therapists and physicists). Motion tolerance of radiation therapy patients has been previously assessed in the context of continuous couch motion for adaptive radiation therapy. Prior to the collection of empirical data for this application, similar sentiments regarding patient acceptance were expressed within the radiation oncology community. 7 However, study results did not show any evidence for a lack of tolerance, inertial anatomic motion, or changes in breathing patterns. 8, 9 Limited patient rotation is currently in clinical use in some specialist centres including The Francis Burr Proton Centre at Massachusetts General Hospital, and the Heavy Ion Medical Accelerator (HIMAC) in Chiba, Japan. In other areas of medicine, patient rotation is common place. 10 The purpose of this study was therefore to collect the first cancer patient reported outcomes of slow, single arc rotation in both the upright and lying positions, both of which could be used to deliver radiation therapy without a rotating gantry.
Methods The Epley Omniax
To carry out slow, single arc patient rotation, this study utilised an existing device from the field of balance disorder therapy; the Epley Omniax (Fig. 2) . The Epley Omniax is most commonly used to treat benign paroxysmal positioning vertigo (BPV). 12, 13 However, the fact that it can rotate 360°around every axis also makes it is an ideal device to collect cancer patient reported outcomes of rotation.
Study design
This study was designed to assess questions of most concern regarding patient tolerance to rotation; (i) Would the restraint necessary to secure the patients trigger claustrophobia? (ii) Would patients experience motioninduced nausea? (iii) To what extent would patients experience discomfort, breathing difficulties, and pain? As such, we adopted validated patient surveys to assess claustrophobia, motion sickness, and anxiety.
To quantify the claustrophobia of participants, the Claustrophobia Questionnaire (CLQ) was used.
14 The CLQ tests for a fear of suffocation and a fear of restriction. It consists of 26 scenarios which respondents rate in terms of how anxious they would feel in each case on a scale of 0 (not at all anxious) to 4 (extremely anxious). The score is the sum of all answers. To quantify the state (i.e. current) levels of anxiety among participants, the short form of the State Anxiety Test (STAI) was used. 15 The short version was adopted to minimise the amount of paperwork participants were filling out, especially for questionnaires which would be repeatedly administered. This questionnaire has only six items which are scored between 1 and 4 and has been shown to correlate very well with the state section of the full form STAI. 16 To derive the final score, 'pro anxiety' items (e.g. 'I feel tense') are added, and 'anti-anxiety' items ('I feel calm') are subtracted, resulting in a state anxiety score between 6 and 24. To match the full STAI test, these scores should then be rescaled to 20 to 80 -however, in this work all test scores are instead scaled between 0 and 100 for ease of interpretation. To assist readers in putting the STAI scores in context, in a 144 patient study aiming to predict anxiety during MRI scans, Harris et. al.
found that highly anxious and claustrophobic patients returned an average STAI score of 40 prior to an MRI scan, compared to 23 amongst low anxiety patients (note that these values are rescaled from the original study to match our 0-100 scale). 17 Finally, to measure motion sickness, we used the Fast Motion Sickness Survey (FMS). 18 Again, part of the reason this survey was chosen was that it is simple and quick; patients are asked to rate their level of motion sickness or nausea on a scale from 0 to 20, where 0 is not sick at all, and 20 is extremely nauseous. The FMS has been shown to have high correlation to other more extensive motion sickness questionnaires. 18 For simplicity, all test scores were subsequently normalised such that the minimal possible score was 0 and the maximum possible was 100. The study was powered based on the STAI anxiety test. Assuming a standard deviation of 20 based on previous studies of claustrophobia in MRI patients, 17, [19] [20] [21] we estimated that we would have a 90% power to detect differences in score of 16 or more on the normalised (i.e. score 0-100) STAI using a paired t-test with 15 patients. This trial power was considered sufficient for this early stage work, and so we planned to recruit 15 patients to this study. The inclusion criteria were as follows: (i) A diagnosis of abdominal, pelvic, or thoracic cancer, any stage, (ii) 18 years of over, (iii) Currently or previously being treated for cancer, (iv) Any prior therapy allowed. The exclusion criteria were as follows: (i) No pregnant women, (ii) No mentally impaired patients or patients for whom obtaining informed consent would be difficult. The majority of patients in this study were recruited through the clinic of MJ, with the remainder being recruited by other investigators through their involvement in separate trials or support groups. Patients were recruited through a number of different cancer centres and support groups in Sydney. Ethics approval for this study was granted by the Sydney Local Health District Human Research Ethics Committee.
Study procedure
At the beginning of each study, the following demographic information was collected: age, gender, weight, primary tumour site, time since last cancer treatment (if not currently on treatment), and whether any medication was being taken which could cause nausea. Patients then completed the questionnaires for claustrophobia (CLQ), baseline anxiety (STAI), and baseline motion sickness (FMS). Following this, patients were securely set up in the Omniax using a variety of pillows, straps, a padded harness and airbags, in an Patient rotation study identical manner to patients undergoing clinical treatments on the Omniax for balance disorders (Fig. 2) . The set-up took approximately 5 minutes. The support system is designed to hold the patient in place extremely securely and safely, and also to minimise patient discomfort by minimising any pressure points. Patients underwent slow, single arc rotation in two orientations; upright (sitting) and lying (Fig. 2) . Half the participants were rotated the upright position first, and half in the lying position first. Patients were rotated a full 360°in increments of 45°. The rotation was paused for 30 seconds at each 45°increment to simulate beam delivery. The 'very slow' setting was used for the angular velocity of the rotation, which is about two revolutions per minute. After completing each rotation arc, the questionnaires for motion sickness and anxiety were repeated (the claustrophobia questionnaire is designed as a predictive measure of susceptibility to feelings of claustrophobia and only needs to be administered once). After the first rotation, the participants verbally completed the questionnaires as they were still set up in the Omniax. After the second rotation, participants filled out written questionnaires. The entire study took typically took less than 40 minutes, with less than 15 minutes spent in the Omniax. In addition to the validated questionnaires, after the study, we asked patients an open-ended question requesting feedback about their experiences. Figure 3 shows a schematic representation of the study procedure.
Data analysis
To test for differences in either anxiety or motion sickness at any stage of the study, test scores from before and after the rotation procedure, and between the upright and lying rotations, were compared using a twotailed paired Wilcoxon signed rank test. This test was used instead of the paired t-test because normality could not be assumed. To estimate the correlation between CLQ/STAI and CLQ/FMS, Spearman's rank and Pearson's correlation coefficient was used. P-values less than 0.05 were considered statistically significant. All analyses were conducted in Matlab version 2014.
Results

Study cohort
The characteristics of the recruited patients are summarised in Table 1 .
Patient tolerance to slow single arc rotation
Figures 4 and 5 show the percentage anxiety and motion sickness scores returned before the patient was set up in the Omniax, and after they had been rotated in both orientations. In general, the scores for both tests were very low, and we could not detect any significant difference in Fig. 3 . Study workflow. STAI is the anxiety questionnaire, FMS is the motion sickness questionnaire, and CLQ is the claustrophobia questionaire. the scores using the signed Wilcoxon signed rank test. Similarly, Figures 6 and 7 show the percentage anxiety and motion sickness between the upright and lying rotation. Again, no significant differences were detected. One patient did return the maximum anxiety score directly after the 'lying' rotation study (Figs 4 and 6, patient 7). Discussing their experience afterwards, they mentioned that although they felt very anxious during the rotation, having completed it they felt that they would be less anxious if they were to undertake the study again. In addition, patient 1 did not complete the study, terminating it during the 'lying' stage (interestingly, this patient still returned quite low anxiety scores). Both patients weighed over 90 kg, and both reported feeling insecure during the rotation. The Omniax harness is rated at up to 300 kg, and so the participants were always safe, but this is an example of the importance of patient perceptions on patient tolerance. Very little motion sickness was reported at any point throughout the study, either via the FMS questionnaire or from discussions with participants afterwards. Overall, qualitative feedback from participants after the study was that whilst they didn't particularly enjoy being rotated, they felt that it was quite tolerable. Many also made statements along the lines of 'if it was necessary for my treatment, of course I'd tolerate it'. Most patients found the lying rotation more challenging than the upright rotation, but found both were acceptable. This is reflected quantitatively in that no significant differences occurred in the STAI scores occurred between upright and lying. The correlation between the claustrophobia score (CLQ) and the maximum anxiety (STAI) and motion sickness score returned at any point during the study is shown in Figure 8 . The anxiety scores show moderate correlation (Pearson's coefficient 0.6 (P = 0.02), Spearman's coefficient .4 (P = 0.1), whilst the motion sickness scores show minimal correlation (Pearson's coefficient: À0.2 (P = 0.4), Spearman's coefficient À0.1 (P = 0.7).
Discussion
In this study, we measured patient-reported outcomes from 15 current or former cancer treatment patients who experienced slow, single arc rotation, as needed to deliver radiotherapy in fixed beam systems. Validated questionnaires were used to assess anxiety and motion sickness throughout the study, as well as a baseline claustrophobia score. The successful implementation of patient rotation in radiotherapy could allow the development of treatment machines without rotating gantries. This would have substantial ramifications for the cost and availability of emerging modalities such as proton Patient rotation study therapy, heavy ion therapy, and MRI-Linac therapy. It could also enable the development of low cost linacs to service low-and middle-income countries, where radiotherapy utilisation falls far below established benchmarks.
1,5
We did not detect any significant differences in anxiety or motion sickness throughout the study, and anxiety scores returned during this study were overall very low. The initial study power calculation suggested we should have the power detect a 16-point difference in normalised STAI scores. However, for the final data analysis, we felt that the most appropriate test for our results was the non-parametric equivalent (Wilcoxon signed rank test), which does not assume a normal distribution of data. This choice may have slightly reduced the initially estimated trial power. In addition, the trial power was calculated using estimates from the literature for the full STAI test as opposed to the abbreviated version which was administered during the study. Given the high correlation demonstrated between the full and abbreviated STAI forms, 2 study power is unlikely to be affected by this. We observed moderate correlation between claustrophobia and anxiety in this study, suggesting that minimising claustrophobia triggers may be an important means to minimise anxiety during rotation. Claustrophobia is most commonly understood to consist of two separate fears: a fear of suffocation and a fear of being trapped. As such, to minimise claustrophobia induced anxiety, it is important that patients feel that they could free themselves, and have a clear field of view around them.
There are some limitations to the results of this study. Firstly, only a small sample size was collected, and some patients had not been actively treated for cancer for some months. The majority of patients in this study were recruited through the clinic of MJ, with the remainder being recruited by other investigators through their involvement in separate trials or support groups. There are two sources of selection bias in this process; firstly, because very unhealthy patients are less likely to be approached to be part of a non-randomised clinical study, and secondly, because patients who agreed to participate in this study are unlikely to be the patients who experience high anxiety from rotation. Despite this limitation, this study has clearly identified that there is at least a cohort of patients who would find slow, single arc rotation an acceptable treatment technique. Given the potential impact of patient rotation on the global practice of oncology, these results support the need for further studies on a larger and more representative patient population. Whilst the Epley Omniax is an existing and TGA cleared patient rotation system, a purpose built radiotherapy system would likely be quite different in terms of both patient fixation and position. Rotation in a different system may impact on the results. However, the methodology presented in this study could be applied to test patient acceptance of similar devices. The 30-second pause to simulate beam delivery was based on current practice, and may not be sufficient to represent the beam delivery time in an online adaptive workflow.
If a similar methodology to this study was adopted, we would also suggest some minor improvements to the study design. Firstly, it would have been appropriate to include a simple performance status questionnaire in the design such as ECOG Performance Status. 22 Secondly, we asked participants to circle a number between one and four to indicate their responses on the STAI test, where each number was associated with a given response, for example 'not at all'. Although this reflects the format of the questionnaire as published, 16 we found that patients sometimes
became confused about what the numbers meant when filling out the form. As such, we would suggest that all numbers are simply replaced by their relevant text (i.e.
'very much so' 'not at all'). A potential confounding factor in the study design is that patients may return low anxiety scores after the study simply because they were relieved they had completed it. In this study, the average STAI scores were low at all time points, so this is unlikely to have impacted on the conclusions drawn from this study. Nevertheless, it is a factor which should be considered in future study designs. Finally, the inclusion of a semi-structured interview after the study would have likely provided more consistent and high-quality qualitative data on patient experiences. An important issue in a patient rotation-based radiation therapy which has not been addressed in this study is the ability to quantify and adapt for rotation-induced anatomic deformation. In modern radiotherapy, it is becoming increasingly common to measure and adapt for patient motion, and there is already a great deal of research focused on increasing this capacity. [23] [24] [25] [26] [27] [28] As such, it is not unreasonable to hypothesise that anatomic deformation resulting from rotation could be adapted for. However, if patient rotation is to be clinically adopted, future studies will have to quantify patient deformation under rotation, and develop techniques to deliver high-quality radiotherapy in the presence of such deformation. In conclusion, slow, single arc rotation in both the upright and lying orientations was well tolerated by the patients in this study. This work supports the need for further research into the clinical implementation of patient rotation, which could globally impact the practice of radiation oncology.
